Promoter hypermethylation is a prevalent phenomenon, found in virtually all cancer types studied thus far, and accounts for tumor suppressor gene silencing in the absence of genetic mutations. The mechanism behind the establishment and maintenance of such aberrant hypermethylation has been under intense study. Here, we have uncovered a link between aberrant gene silencing associated with promoter CpG island DNA methylation and the siRNA/miRNA processing enzyme, DICER, in human cancer cells. By comparing demethylated HCT116 colon cancer cells with HCT116 cells genetically rendered hypomorphic for DICER, we identified a group of epigenetically silenced genes that became reactivated in the absence of functional DICER. This reactivation is associated with a dramatic loss of localized promoter DNA hypermethylation. Thus, intact DICER is required to maintain full promoter DNA hypermethylation of select epigenetically silenced loci in human cancer cells.
Introduction
Epigenetic gene silencing, which includes CpG island DNA cytosine methylation and histone modifications, has become widely accepted as a prominent alternative mechanism to genetic mutations by which cancer cells inactivate genes to facilitate the initiation, growth, and metastasis of tumors (1) . DNA methylation refers to the covalent addition of a methyl group to the five position of cytosine residues, and this predominantly occurs in a CpG dinucleotide context in mammalian cells. Clusters of these CpG dinucleotides are present in the promoter regions of a large number of genes, and dense methylation, or hypermethylation, of these CpG islands are invariably associated with transcriptional silencing of the downstream gene (2) . Although this phenomenon is widespread in human carcinogenesis, the specific mechanism(s) by which such epigenetic silencing is initiated in mammalian systems is largely unknown.
Recently, several groups have shown that synthetic small doublestranded RNAs homologous to gene promoter regions are able to induce transcriptional gene silencing at the targeted loci in human cells (3) (4) (5) (6) . This dsRNA-dependent Transcriptional Silencing (RdTS) was reproducibly found to associate with an enrichment of the silencing histone modification, H3 lysine 9 dimethylation (H3K9me2) but not DNA methylation in acute silencing events. However, H3K9me2 have been shown to precede DNA hypermethylation in the resilencing and remethylation of the tumor suppressor gene, p16 ink4a , in HCT116 colon cancer cells (7), and therefore, it remains possible that RdTS may be a mechanism to initiate abnormal epigenetic silencing. Because other known RNAmediated epigenetic silencing mechanisms in yeast (8, 9) and plants (10) (11) (12) all require the processing of RNA precursors by DICER, we investigated the possibility that DICER, an essential component of the RNAi pathway, is also required for the proper maintenance of epigenetic silencing in human cancer cells.
Materials and Methods
Cell culture and treatment. HCT116 parental cells and the isogenic DICER ex5 cells were generous gifts from B. Vogelstein, Johns Hopkins University, School of Medicine, MD, and cultured in McCoy's 5A medium supplemented with 10% fetal bovine serum. All other HCT116 derivative cells were also cultured in the same medium. HCT116 parental and DICER ex5 cells were treated with DAC (Sigma) at 5 Amol/L in normal medium for 72 h to induce demethylation.
Microarray analysis. Total RNA was harvested from log phase cells using Trizol (Invitrogen) and the RNeasy kit (Qiagen) according to manufacturer's instructions, including a DNase digestion step. RNA was quantified using NanoDrop ND-100 followed by quality assessment with 2100 Bioanalyzer (Agilent Technologies). RNA concentrations for individual samples were >200 ng/AL, with 28 s/18 s ratios >2.2 and RNA integrity of 10 (10 scored as the highest). Sample amplification and labeling were performed using the Low RNA Input Fluorescent Linear Amplification kit (Agilent Technologies) according to manufacturer's instructions. The labeled cRNA was purified using the RNeasy mini kit (Qiagen). RNA spike-in controls were added to RNA samples before amplification. Samples (0.75 Ag) labeled with Cy3 or Cy5 were mixed with control targets, assembled on Oligo Microarray, hybridized, and processed according to the Agilent microarray protocol. Scanning was performed with the Agilent G2565BA microarray scanner using settings recommended by Agilent Technologies. Microarray data Gene Expression Omnibus accession numbers are GSM147895 and GSM147932 (dye swap). An identical experiment was performed using the Affymetrix platform according to the Affymetrix microarray protocol. The results for the Agilent microarray experiments are shown in Fig. 1 .
Microarray data analysis. All arrays were subject to quality checks recommended by the manufacturer. Images were visually inspected for artifacts and distributions of signal. Background intensity of both red and green channels was examined to identify anomalous arrays. No irregularities were observed, and all arrays were retained. All calculations were performed using the R statistical computing platform and packages from Bioconductor bioinformatics software project. The log ratio of red signal to green signal was calculated after background-subtraction and LoEss normalization as implemented in the limma package from Bioconductor. Individual arrays were scaled to have the same interquartile range (75th-25th percentile). Log-fold changes were averaged over dye-swap replicate microarrays to produce a single set of expression values for each condition.
Reverse transcription-PCR. Total RNA were extracted from cell pellets with RNeasy Mini kit (Qiagen) and treated with DNase (Qiagen). Two micrograms of total RNA per sample were used in first-strand cDNA synthesis using Superscript 1st Strand Synthesis System (Invitrogen) with random hexamer primers. One microliter of cDNA were used for subsequent PCR reactions. PCR products were resolved on 2% agarose gels containing GelStar nucleic acid stain (Cambex) and visualized with Kodak Gel Logic 200 Imaging System. Real-time reverse transcription-PCR (RT-PCR) was carried out using Taq Man Gene Expression Assays (Applied Biosystems) and a 7900HT Fast Real-Time PCR System (Applied Biosystems) according to manufacturer's instructions. SDS2.2.2 software (Applied Biosystems) was used to perform comparative y cycle threshold analysis. GAPDH served as endogenous control. PCR conditions and primers used are available upon request.
DNA methylation analysis. Genomic DNA were extracted and treated with sodium bisulfite as previously described (13) . Bisulite converted DNA was used in PCR reactions with nondiscriminatory bisulfite sequencing PCR primers. Bisulfite sequencing PCR primers and conditions are available upon request. The PCR products were subsequently cloned into the TOPO TA vector (Invitrogen) and sequenced with the M13R primer.
Chromatin immunoprecipitation assay. Cells were crosslinked and processed after the UpState Chromatin Immunoprecipitation (ChIP) Assay kit protocol (UpState). One hundred fifty micrograms of sonicated DNA were used for each immunoprecipiration (IP) reaction. Rabbit anti-H3 dimethyl-K4 (5 Ag/IP; Upstate), rabbit anti-H3 dimethyl-K9, rabbit anti-H3 trimethyl-K9, rabbit anti-H3 dimethyl-K27, and rabbit anti-H3 trimethyl-K27 (10 Ag/IP; gifts from T. Jenuwein of Research Institute of Molecular Pathology, Vienna, Austria) antibodies were used for the specific IP of the respective histone residues. No antibody and rabbit anti-HA antibody (10 Ag/IP; Santa Cruz; SC805) were performed as controls. Fifty microliters of sonicated, pre-IP DNA from each sample were used as input controls. The final results for each sample were normalized to respective inputs. PCR conditions and primers used are available upon request.
McrBC digestion. Five micrograms of genomic DNA and 50 units of McrBC (New England Biolabs) enzyme were incubated with 1Â NEBuffer, 100 Ag/mL bovine serum albumin, and 1 mmol/L GTP for 12 h at 37jC. One third of each reaction was electrophoresed on 0.8% agarose gels containing GelStar nucleic acid stain (Cambex) and visualized with Kodak Gel Logic 200 Imaging System.
Western blotting. Twenty micrograms of whole cell lysates from each sample were resolved on 4% to 2% Bis-Tris gel and transferred onto a nitrocellulose membrane. The membrane was blocked in 10% milk in TTBS overnight at 4jC and incubated with 1:1,000 mouse anti-DICER1 (Imgenx), 1:500 rabbit anti-DNMT1 (Santa Cruz), and 1:10,000 mouse anti-hactin (Sigma) for 2 h at room temperature. The secondary antibodies are used at 1:1,000 for DICER1, 1:500 for DNMT1, and 1:10,000 for hactin.
Methyltransferase activity assay. DNA methyltransferase activity assays were performed as described previously (14) . Briefly, 15 Ag whole cell lysates were incubated with hemimethylated DNA oligos, S-adenosyl-L-[methyl - . After incubation at 37jC, reactions were stopped at various time points by adding one volume of 10 mmol/L nonradioactive S-adenosyl-L-methionine (Sigma). The reactions were bound to a SAM 2 96 Biotin Capture plate (Promega). The plate was washed five times with PBS containing 2 mol/L NaCl and twice with dH 2 O to remove His 6 -DNMT and unreacted 3 H-AdoMet. After drying the plate, 80 AL of Microscint-PS scintillation fluid (PerkinElmer) was added to each well, and tritium incorporation was quantified using the TopCount NXT liquid scintillation counter (PerkinElmer). All reactions were performed in sextuplicate. Data obtained were analyzed using the Enzyme Kinetics module of SigmaPlot (Systat Software).
Results and Discussion
First, to study the effects of loss of DICER on epigenetic silencing, we performed an expression microarray analysis comparing previously generated DICER helicase domain knockout (DICER ex5 ) HCT116 human colon cancer cells (15) HCT116 cells (15) . These DICER ex5 cells were characterized to harbor extensive defects in microRNA processing but were never studied for changes in epigenetic silencing (15) . The expression profile of the DICER-deficient cells was compared with that of parental HCT116 cells treated with the DNA demethylating agent 5-aza-2 ¶-deoxycytidine (DAC; Fig. 1A ) and HCT116 cells genetically deleted for the DNA methyltransferases, DNMT1 and 3b (DKO cells; Fig. 1B ). Both the DAC-treated cells and the DKO cells exhibit dramatic loss of overall genomic cytosine methylation, loss of promoter CpG island hypermethylation, and re-expression of the demethylated genes (17) . The striking change in gene expression profile in these two types of cells can be readily observed in our microarray analyses, displaying a large number of genes being reactivated in either setting (Fig. 1) . Compared with the large number of genes reactivated in either DAC-treated or the DKO cells, only 31 genes were identified by the microarray study as substantially up-regulated in both the DICER ex5 cells and the demethylated cells (Table 1) .
We next determined, as defined by a high stringency criteria (18) , that 18 of the 31 candidate genes for regulation by DICER contained promoter CpG islands (Table 1) . We then verified by qualitative gel-based RT-PCR that 15 of these 18 candidates were indeed re-expressed in the DICER ex5 cells (Supplementary Fig. S1 ). We also checked expression levels of genes known to be aberrantly silenced and promoter DNA hypermethylated in the parental HCT116 cells but which did not seem to be re-expressed in the DICER ex5 cells as negative controls (Supplementary Fig. S1 ). To our surprise, SFRP4, one of the genes analyzed as a negative control, was actually up-regulated in DICER ex5 cells and was subsequently included in our analyses of candidate genes (Table 1 ; Fig. 2A and B) . Representative RT-PCR analyses for SFRP4, ICAM-1, VIM, and ZNF550 are shown ( Fig. 2A) , and the positions of the genes on the microarray comparisons are indicated in Fig. 1 . Similar data were obtained for all other candidate genes ( Supplementary Fig. S1 ). SFRP4, or Secreted Frizzle-related Protein 4, belongs to a family of soluble WNT signaling pathway antagonists. Several members of this family, including SFRP4, have been shown to be silenced by promoter CpG island hypermethylation in various tumors and cancer cell lines (19) . ICAM-1 encodes for a cell adhesion molecule whose expression is important for the tumor metastasis process and has been shown to be silenced by promoter hypermethylation as well (20) . VIM and ZNF550 are newly identified in this study to be (Fig. 2B) . Basal expressions are either silent or very low in the parental HCT116 cells but significantly up-regulated in the DICER ex5 cells. Next, we investigated the possibility that the observed derepression of genes in the DICER ex5 cells was associated with changes in their promoter DNA hypermethylation. We identified that 11 promoters of the 16 re-expressed genes had CpG island hypermethylation in the parental HCT116 cells, and 8 of the 11 became demethylated in the DICER ex5 cells ( Fig. 3; Supplementary Fig. S2 ). We comprehensively evaluated changes in promoter hypermethylation by bisulfite sequencing (13) . As clearly illustrated for SFRP4 (Fig. 3A) , ICAM-1 (Fig. 3B) , VIM (Fig. 3C) , and ZNF550 (Fig. 3D) , these gene promoters were densely hypermethylated in the parental HCT116 cells but became significantly demethylated in the DICER ex5 cells. It is formally possible that the observed demethylation at the candidate promoters is due to overall genomic demethylation in the DICER ex5 cells rather than a locus-specific demethylation and reactivation. However, for genes such as SFRP1 and SFRP2, which did not show re-expression in the DICER ex5 cells, their promoters remained hypermethylated (Supplementary Fig. S3 ). Moreover, overall genomic DNA methylation, as analyzed by restriction enzyme digests of total DNA with the methylation sensitive McrBC, was unaltered in the DICER ex5 cells (Supplementary Fig. S4A ). These results suggest that the demethylation of candidate genes in the DICER ex5 cells is specific to these promoters. We also tested whether the demethylation was due to global down-regulation of the major enzyme contributing to overall DNA methyltransferase activity in mammalian cells, DNMT1, possibly as a consequence of disrupted micorRNA regulation in the DICER ex5 cells. We found that this enzyme was expressed at comparable levels in the parental and the DICER ex5 cells (Supplementary Fig. S4B ). We further verified this by DNA methyltransferase activity assays to assess the total enzyme activity and found this to be comparable in the parental and DICER ex5 cells (Supplementary Fig. S4C ). Finally, according to our microarray data, the mRNA levels for all the DNMTs remained the same in DICER ex5 cells when compared with the parental cells (data not shown). Based on these results, we concluded that intact DICER function is essential for the maintenance of full promoter hypermethylation and transcriptional repression at the identified loci.
DICER-mediated epigenetic gene silencing has been described in both plants and yeast. In plants, a RNA-directed DNA Methylation pathway uses RNA species to direct DNA cytosine methylation and repressive histone modifications to homologous DNA sequences to initiate transcriptional silencing (11, 12) . Furthermore, RNAdependent heterochromatin assembly has also been described in yeast for normal silencing of centromeric repeats (8, 9) . Although DNA methylation is absent from the yeast system, histone tail modifications usually associated with DNA methylation, such as histone H3 lysine 9 and lysine 27 methylation, are recruited to the silenced yeast loci by double-stranded RNA molecules with sequence homology (21) . Both of the above processes lead to the epigenetically silenced state, which resembles that observed for epigenetically silenced genes in cancer.
Given the above, we thus examined SFRP4 and ICAM-1 promoters by ChIP analyses for chromatin modifications that might provide insight into mechanisms that define the DICER-targeted genes. We observed some changes in chromatin modifications at DICER regulated loci that seem to be distinctive from other hypermethylated genes studied thus far (Supplementary Fig. S5 ; ref. 22) . The demethylated and transcriptionally active SFRP4 and ICAM-1 promoters in the DICER ex5 cells exhibited an increase in the enrichment of histone H3 lysine 4 dimethylation (H3K4me2) and general decreases in the enrichment of histone H3K9me2 (Supplementary Fig. S5A ). These changes are identical to those seen in multiple other DNA hypermethylated genes when induced to demethylate by DAC, or in DKO cells (summary for these other genes in Supplementary Fig. S5B; ref. 22) . However, unlike these previously characterized DNA hypermethylated promoters, histone H3 lysine 27 tri-methylation (H3K27me3) showed a small but consistent decrease across the entire promoter regions at the DICER-regulated SFRP4 and ICAM-1 promoters. All other DNA demethylated promoters evaluated to date seemed to retain or augment H3K27me3 (Supplementary Fig. S5B; ref. 22 ). This pattern of increase in H3K4me2 and decrease in H3K27me3 was not observed for the unresponsive loci, SFRP1, SFRP2, GATA4, and GATA5, in the DICER ex5 cells. This suggested that the observed changes in chromatin modifications could be characteristic of the DICER-target genes.
The high degree of similarity between the RNA-mediated epigenetic gene silencing mechanisms in diverse systems, including what has been observed in human cancer with synthetic RNA oligonucleotides, suggest an evolutionarily conserved mechanism. In the present study, we established that DICER, an essential protein of the RNAi pathway in all organisms studied thus far, was indispensable for the full maintenance of promoter DNA hypermenthylation and transcriptional repression of select endogenous loci in cancer cells. We attempted to verify whether DICER is also responsible for the initiation of epigenetic silencing at these target loci by ectopically expressing functional DICER in the DICER ex5 cells. However, the re-expression of DICER seemed to be lethal, and therefore, this point requires further investigation (data not shown). To our knowledge, this is the first observation directly linking DICER and mammalian epigenetic silencing of endogenous protein coding loci. It is suggestive of RdTS being a mechanism involved in aberrant hypermethylation in human cancer cells. Alternatively, the derepression of these genes could be a secondary effect due to the loss of miRNA repression of upstream common transcription factors/ repressors as a result of dysregulation of the miRNA pathway.
We only observed such loss of epigenetic silencing at a subset of the many genes known to be hypermethylated and silenced in colon cancer cells. We may have missed other target genes in our initial microarray screening because SFRP4 is clearly a target locus that lacked change of expression detectable by the microarray. Also, because the DICER ex5 allele is only hypomorphic, we might not have observed the fullest effects of loss of DICER function relating to epigenetic silencing. Alternatively, our more favored hypothesis is that this pathway is only responsible for select epigenetically controlled genes. DICER processes only a subset of noncoding RNA, such as miRNA, but not all noncoding RNA that could influence epigenetic silencing. For instance, the antisense RNA involved in the epigenetic silencing of the p15 locus does not require DICER (23) . What differentiates DICER-regulated genes from the rest of the epigenetically controlled loci remains to be determined. The histone modification changes we observed for these loci may be the first step toward characterizing these genes. Because H3K27me3 is thought to be specifically mediated by Polycomb group (PcG) proteins, the observed changes in H3K27me3 modification unique to SFRP4 and ICAM-1 could indicate that DICER-mediated epigenetic silencing requires PcG proteins to maintain DNA methylation. This hypothesis is in line with observations in Drosophila, where full PcG-mediated long-range gene silencing required RITS components, including dcr-2 (24). Exactly which and how PcG proteins may participate in this DICER-mediated epigenetic silencing in human cancer cells should be further examined.
In summary, we have shown that at least some genes that become DNA hypermethylated and silenced in cancer cells require DICER to maintain this epigenetic status. The only well-defined role for DICER is to process dsRNAs, and therefore, RNA molecules may be involved in the initiation and/or maintenance in this novel silencing pathway. Therefore, it is imperative that we continue working on identifying the specific mechanism of this DICER-dependent epigenetic silencing, its relationship to the RdTS phenomenon, and ultimately, its role in cancer progression and normal development. Current therapies aimed at reversing epigenetic defects focus heavily on DNMT and histone-modifying enzyme inhibitors. The study of this DICER-mediated gene silencing will help enrich our understanding of the nature of aberrant epigenetic silencing in cancers and may prove useful in revealing new targets for cancer therapies aimed at circumventing epigenetic defects.
